Background: Mammographic density (MD) is a strong risk factor for breast cancer. We examined how breast cancer risk factors are associated with MD area (cm 2 ) change across age.
Mammographic density (MD) reflects the radiologically dense part of a mammogram that consists of epithelial tissue and stroma that appear bright on a mammogram, whereas fat tissue appears dark (1) . MD is one of the strongest risk factors of breast cancer (2) (3) (4) (5) (6) (7) . At a given age and body mass index (BMI), women with very dense breasts (more than 75% density) have a four to six times greater risk of breast cancer compared with women with less dense tissue occupying less than 5% the breast (8, 9) . MD is a highly heritable trait, but it is also influenced by wellestablished breast cancer risk factors (10) .
Most studies regarding the associations of established risk factors for breast cancer and MD have involved only a single mammographic examination. It has been shown that older age, more children, early pregnancy, postmenopausal status, and elevated BMI are associated with lower MD (11) (12) (13) . In contrast, high intake of alcohol and use of menopausal hormone therapy (MHT) are associated with greater MD (14, 15) . MD is a dynamic trait; use of MHT is associated with increased density and use of tamoxifen with decreased density (16) (17) (18) (19) . In addition, MD decreases with age, a biological process called involution (20, 21) .
In a longitudinal study by Boyd et al. (11) , the average annual reduction in percent density was estimated to be 1%. Few studies have tried to identify determinants of MD change across age (22, 23) . To study this further, we used the unique prospective Karolinska Mammography Project for Risk Prediction of Breast Cancer (KARMA) cohort, including in total 70 874 women (24) , to study the association between established risk factors of breast cancer on both MD and MD change across age.
Methods

Study Population
The KARMA cohort is a population-based prospective screening cohort initiated in January 2011 and comprises women attending mammography screening or clinical mammography at four hospitals in Sweden (24) . Women with a baseline mammogram (n ¼ 70 874) were included in this study. Reasons for exclusion are given in Figure 1 . The final analyses included 31 782 Swedish women ages 40-70 years at time of baseline mammogram. The intervals between mammography screening were 12-36 months. All participants signed an informed consent, and the ethical review board at Karolinska Institutet approved the study.
MD Measurement
We used full-field digital-processed mammograms from the mediolateral oblique view of left and right breasts to measure MD using the area-based STRATUS method (25) . We used average STRATUS (over left and right breast) dense area (cm 2 ).
STRATUS is a fully automated tool developed to analyze digital and analogue images using an algorithm that measures density on all types of images regardless of vendor (25) . When studying repeated mammograms from the same individual woman, it is important to consider technical differences between mammograms. As shown in Supplementary Figure 1 (available online), the same amount of breast tissue is not always found in two different mammograms from the same woman. To reduce the influence of this artefact, images should be aligned before density measurements are performed. The concept of alignment is shown in Supplementary Figure 1 (available online) and described in detail elsewhere (25) .
Lifestyle and Reproductive Factors
Participants completed a detailed web-based questionnaire approximately 3 months from date of the baseline mammogram. Lifestyle and reproductive factors were categorizes as: age at baseline (<50, 50-60, >60 years), BMI (<20, 20-24.9, 25-29.9, !30 kg/m 2 ), smoking status (never, former, current), alcohol consumption (none, 0.1-10, >10 g/d), physical activity (<40, 40-44.9, 45.0-49.9, !50 metabolic equivalent of task [MET]-h/d), age at first birth (<20, 20-25, >25 years), number of births (0, 1-2, !3), breast-feeding among parous women (0, 1-5, 6-12, >12 months), time since last birth (<10, !10 years), menopause status (premenopausal and postmenopausal), age at menarche (<13 or !13 years), contraceptive use (yes, no), MHT use (never, former, current), and family history of breast cancer (yes, no). Women reporting no natural menstruation over the past 12 months before the study entry or no menstruation due to oophorectomy were considered postmenopausal. Women with missing information on menstruation status or having no menstruation due to gynecological surgeries other than oophorectomy were considered premenopausal if they were age 50 years or younger and postmenopausal if older than 50 years.
Statistical Analyses
We used linear regression models to estimate the association of established risk factors for breast cancer with baseline mean MD and 95% confidence intervals. All models were adjusted for age, BMI, and menopausal status at baseline, except the regression model for oral contraceptive use that was additionally adjusted for number of births. For categorical covariates, standard linear regression software produced estimates of the mean in the reference category (the intercept) and the mean difference between each category and the reference. interpretability, we used the fitted regression models to estimate the mean MD for each risk factor. Technically, this was accomplished with regression standardization (26) . To assess how mean MD changed across age, we fitted local polynomial regression curves using baseline mean MD and age at baseline as the dependent and independent variables, respectively. We fitted one curve for each level of the established breast cancer risk factors listed above. The obtained local polynomial regression curves enables a qualitative (ie, visual) assessment of how mean MD changes as a function of the established breast cancer risk factors, without making strong parametric assumptions. A disadvantage of these curves is that they provide no quantitative measures for testing whether mean MD change differs across levels of established breast cancer risk factors. Another disadvantage is that these curves discard large parts of the data by using only baseline measures of mean dense area.
We carried out a more elaborate density change analysis in two steps. First, one linear regression model was fitted for each woman, regressing all her observed dense area measures during follow-up on her attained ages at these measures. The obtained slopes from these regressions quantify the Woman-specific dense area changes. For instance, a slope equal to À1.5 for a particular woman indicates that the dense area decreased with an average 1.5 cm 2 per year during follow-up for that woman.
Second, the estimated dense area changes (slopes) were regressed on the lifestyle, reproductive, and established breast cancer risk factors listed above, using one linear regression model for each factor. This model was adjusted for age at first and last mammograms, baseline BMI, and baseline menopausal status. Adjustments for age at first and last mammograms are necessary to avoid confounding by age during follow-up, because the age at which the mammograms were taken is strongly related to the estimated dense area change and may also be related to several of the risk factors for breast cancer. Interaction analyses were performed to determine whether determinants of MD change differ by menopausal status. Lastly, we performed a sensitivity analysis adjusting for both baseline BMI and BMI change among 6427 women for which repeated BMI measures were available. That is, for each woman we have regressed her observed BMI measures during follow-up on her attained ages at these measures. The obtained slopes from these regressions quantify the Woman-specific BMI changes.
All statistical analyses were two-sided and were performed using R version 3.4.1. Statistical significance was measured at significance level 0.05.
Results
Baseline Characteristics
Baseline characteristics for the 31 782 women in the study, stratified by menopausal status, are given in Table 1 . Because of the large sample size, even small differences were statistically significant. The number of premenopausal and postmenopausal women was nearly the same. In all, 82.2% of participants had completed three rounds of screening and 17.7% had four rounds or more. Approximately 52% of the women had a normal BMI (20-24.9 kg/m 2 ), 31.1% were considered overweight, and 11.6% were obese (!30 kg/m 2 ) ( Table 1) . Almost one-half of the women reported being never smokers and more than one-half reported that they were alcohol drinkers. Compared with premenopausal women (16.0%), postmenopausal women (21.5%) reported that they consumed more than a standard drink (10 g) per day. Only 34.2% of all women were at the lowest level of physical activity (<40 MET-h/d). A larger group of premenopausal women (12.1%) was very physically active (!50 MET-h) compared with postmenopausal women (8.0%; Table 1 ). An age at birth of first child older than 25 years was more common among premenopausal (63.1%) women than postmenopausal (43.3%; Table 1 ) women. However, the proportion of nulliparous women were more or less the same for both groups, 13.4% and 14.0%, respectively. Both premenopausal and postmenopausal women tended to breastfeed longer than 1 year. Postmenopausal women were more likely to have a first-degree relative with a diagnosis of breast cancer (14.4%) than premenopausal women (11.7%). Table 2 shows the association of established risk factors presented in Table 1 with baseline MD. A statistically significantly greater mean baseline MD was seen in younger and leaner women compared with older and obese women ( Table 2) . Never smokers had a greater MD compared with smokers, and women drinking alcohol had a greater MD compared with nondrinkers.
Baseline MD
Physically active, having the first child early in life, having many children, breast-feeding longer than 6 months, having an early menarche, and having the last child 10 years or more years ago were associated with lower MD at baseline (Table 2) . Lastly, women using MHT and women with a first-degree relative with breast cancer had a greater MD than those women not using MHT and without a family history of the disease.
MD Change
The overall average annual MD change was -1.0 cm 2 . Table 3 shows the influence of established breast cancer risk factors on MD area change, and Supplementary Tables 1 and 2 (available  online) show the same result stratified by menopausal status. The results in Table 3 were adjusted for age, BMI, menopausal status at baseline, and age at last mammogram. In Table 3 ). The BMI-dependent difference in MD change is clearly visible in Figure 2 . A borderline statistically significant association of smoking and MD change was seen (Table 3; Supplementary Tables 1 and  2 , available online; Figure 2 ), but point estimates did not differ substantially. Alcohol use did not seem to be associated with MD change (Table 3; Supplementary Tables 1 and 2 , available online; Figure 2 ). In contrast, physically active women had a more pronounced decrease than less active women, particularly among premenopausal women (Table 3; Supplementary Tables  1 and 2 , available online; Figure 2 ). Comparing women with less than 40 MET-h energy expenditure per day to those with 50 or more MET-h/d, the latter group had an annual that was À0.4 cm 2 larger than the former group (Table 3) . 
Reproductive Determinants of MD Change
Reproductive factors such as age at first birth, number of births, breast-feeding, and age at menarche did not seem to be associated with mean MD change ( Table 3; Supplementary Tables 1  and 2 , available online; Figure 3 ). Women with 10 or more years since last birth had a statistically significantly greater reduction in yearly MD. This finding did not reach statistical significance when analyzing years since last birth as a continuous variable and when analyzing premenopausal and postmenopausal women separately (Table 3; Supplementary Tables 1 and 2 , available online).
Exogenous Hormones, Family History of Breast Cancer, and MD Change
Use of oral contraceptives or MHT and family history of breast cancer did not seem to have a substantial impact on MD change over time (Table 3; Supplementary Tables 1 and 2 , available online; Figure 3 ). Point estimates did not differ to any greater extent but reached statistical significance in some subgroup analyses.
The results from the interaction analysis show that there was a statistically significant interaction between menopausal status and the following categories: former and current smokers, physically active women, 10 or more years since the last birth, former user of MHT, and finally, women with family history of breast cancer (Supplementary Table 3 , available online). Finally, the results from the sensitivity analyses among the subset of women with repeated measures of BMI show that there is no substantial difference between point estimates when adjusted for both baseline BMI and BMI change (Supplementary Table 4 , available online) compared to the results with adjustment for baseline BMI only.
Discussion
Using a large, well-annotated, prospective cohort, we have shown that a number of established risk factors for breast cancer are associated with MD. At the same time, few of these factors seem to be associated with MD change over time. With the exception of age, only BMI and physical activity had a statistically significant and consistent influence on MD change while controlling for menopause status. Lean and physically active women seemed to decrease more rapidly than obese and sedentary women.
Consistent with other observational studies (23, (27) (28) (29) (30) , we found that a single measure of MD was associated with age and most established risk factors for breast cancer. The exception was oral contraceptive use where we did not see an association with mean baseline MD. Interestingly, we found that longer duration of breast-feeding (>6 months) was associated with greater baseline MD. In line with our results, a Korean cohort study of 122 female twins found that absolute dense area was positively associated with duration of breast-feeding (31) . We have previously shown that breast-feeding is associated with greater proportion of epithelial tissue (32) . In addition, we found that 10 or more years since last birth was associated with lower baseline MD compared with less than 10 years since last birth. Similar to our result, in a case-control study, Gertig et al. (33) observed a statistically significant increase in proportion of epithelial tissue within approximately 10 years since last birth. In a landmark paper, Lambe et al. (34) found a short-term increased risk of breast cancer after childbirth followed by long-term decrease in risk. This finding could be explained by appearance of epithelial tissues following a pregnancy. Our results of average annual MD change are in line with a Canadian longitudinal study (11) estimating the average annual reduction in percent density to be 1%. In a nested case-control study, it was shown that age and BMI, unlike other established risk factors for breast cancer, were statistically significantly associated with MD change (23) . They showed that overweight and obese women experienced a slower decrease in density over time than women with a BMI less than 25 kg/m 2 (1.9%, P ¼ .04 and 3.6%, P ¼ .01) (23) . In another longitudinal cohort study, Kelemen et al. (22) found no statistically significant association between established risk factors for breast cancer and percent MD change, except for age and BMI. They reported that a statistically significant gradual decline in percent MD was observed in younger age and in postmenopausal women with a higher BMI (BMI > 23 kg/m 2 ). In agreement with our findings, they also showed that although age at first birth and number of children are associated with baseline percent MD, these factors do not seem to be associated with MD change over time (22) .
BMI has been hypothesized to be associated with breast cancer risk through several hormonal-related mechanisms, which may also be relevant to MD change. Increased risk of breast cancer among overweight and obese women may be explained by a higher rate of conversion of androgenic precursors to estrogens through the peripheral aromatization in adipose tissue (35, 36) . Estrogens are considered to have an important effect on stimulating breast epithelial cell proliferation (37) . This is a plausible explanation for a slower age-related decline in MD among obese and overweight women compared with lean women over time. In addition, high levels of insulin and insulin-like growth factors (IGF-I) found among pre-and postmenopausal obese women could stimulate the development and growth of cancer cells (35, 38) . In a Norwegian crosssectional study by Bremnes et al. (39) , a positive but weak association was shown between mean plasma IGF-I concentration and mean percent and area MD. They observed that women with IGF-I concentrations in the highest quartile had a greater percent of MD compared with women in the lower quartiles (39) .
Physical activity is among the few modifiable risk factors for breast cancer. Our result regarding the more pronounced reduction in mammographic dense area among physically active women compared with sedentary women is in contrast with a few longitudinal studies available on physical activity and change in MD (40) (41) (42) . The results from these studies do not support the hypothesis that physical activity increases the agerelated decline in MD. In a longitudinal multiethnic cohort of women (n ¼ 722), Conroy et al. (40) found no association between physical activity and MD change. In a small cohort of postmenopausal Australian women (n ¼ 129), the frequency of participating in exercise for fitness or recreation was not associated with change in percent or area MD (41) . Finally, the study conducted on women who participated in the Women's Health Initiative randomized trial (n ¼ 413) found no association between physical activity and change in percent MD (42) . The null findings in these studies may in part be explained by the small sample size, where few women were found in the low and high groups of physical activity. In addition, direct comparisons between studies are challenging due to differences in methods for assessing physical activity. These studies did not align images, as we do using the STRATUS program, before measuring density. Not aligning images might influences the estimates given that physical activity affects the fatty component and thereby the size of the breast. Several hormonal-related mechanisms behind the association of physical activity and breast cancer have been suggested. Previous findings have shown that physical activity could reduce circulating levels of, and cumulative exposure to, sex steroid hormones during the premenopausal period (43) . In addition, physical activity has been shown to decrease estrogen levels among postmenopausal women, in part by reducing the amount of estrogen-producing adipose tissue (44, 45) . Previous studies found an association between higher levels of circulating estrogen and greater MD in both premenopausal (46) and postmenopausal women (47, 48) .
Previous studies have shown a positive association between MHT use and increase in MD (17) (18) (19) . An observational study of 5212 postmenopausal women found that, compared with non-MHT users, women who initiated MHT were more likely to increase MD and women who continuously used MHT were more likely to increase and/or sustain high MD (19) . We observed the same pattern in our study with current MHT users sustaining high MD with age ( Figure 4) . Two randomized studies concluded that a higher MD was seen after estrogen/progestin combination therapy compared with estrogen therapy and never-use of MHT (17, 18) .
To our knowledge, this is the first large population-based study examining the association between established risk factors for breast cancer and MD change. Strengths of our study are the population-based design, the large number of participants, the detailed information on established breast cancer risk factors, access to repeated and longitudinal measurements of MD from the same women, and measurements of MD after aligning images. The latter feature is most important when analyzing factors that might influence the size of the breast, such as BMI and physical activity. When comparing mammograms from the same woman, it is of outmost importance that images are made comparable before measuring density (Supplementary Figure 1, available online) . The same amount of breast tissue is not always seen in different images from the same woman, and an alignment protocol must be used as previously described in detail (25) .
There are some limitations in this study that should be considered. The information on established breast cancer risk factors was collected only at the study entry, or at least not more than 3 months before or after entry date, which was the time that the baseline mammogram was taken. Therefore, there is a lack of data on longitudinal change in established risk factors. However, we do not expect dramatic changes in most of the risk factors included in this study, especially not for reproductive risk factors such as age at first birth, number of children, and breast-feeding duration, given the age of the participants. Finally, in this study the information on risk factors for breast cancer was collected using a self-reported questionnaire and therefore is prone to information bias. However, the information bias is most likely nondifferential because women were not aware of their MD measurements or the potential association of these risk factors on MD change. If anything, our estimates could therefore be diluted.
In conclusion, in this large prospective cohort study established risk factors for breast cancer were all associated with MD in the same direction as breast cancer, with the exception of age, BMI in postmenopausal women, and breast-feeding duration, which increased MD, and tobacco, which decreased MD. Physical activity was strongly associated with the baseline MD and MD change over time, as was BMI and age. Collectively, beside age, lean and physically active women have the largest decrease in MD. MD has shown to be a remarkably strong risk factor for breast cancer, whether MD change will be an even better marker of breast cancer risk remains to be studied in large prospective, population-based cohorts.
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